Background: Social anxiety disorder (SAD) is a disabling psychiatric condition with a genetic background. Brain alterations in gray matter (GM) related to SAD have been previously reported, but it remains to be elucidated whether GM measures are candidate endophenotypes of SAD. Endophenotypes are measurable characteristics on the causal pathway from genotype to phenotype, providing insight in genetically-based disease mechanisms. Based on a review of existing evidence, we examined whether GM characteristics meet two endophenotype criteria, using data from a unique sample of SAD-patients and their family-members of two generations. First, we investigated whether GM characteristics co-segregate with social anxiety within families genetically enriched for SAD. Secondly, heritability of the GM characteristics was estimated. Methods: Families with a genetic predisposition for SAD participated in the Leiden Family Lab study on SAD; T1-weighted MRI brain scans were acquired (n = 110, 8 families). Subcortical volumes, cortical thickness and cortical surface area were determined for a-priori determined regions of interest (ROIs). Next, associations with social anxiety and heritabilities were estimated. Findings: Several subcortical and cortical GM characteristics, derived from frontal, parietal and temporal ROIs, cosegregated with social anxiety within families (uncorrected p-level) and showed moderate to high heritability. Interpretation: These findings provide preliminary evidence that GM characteristics of multiple ROIs, which are distributed over the brain, are candidate endophenotypes of SAD. Thereby, they shed light on the genetic vulnerability for SAD. Future research is needed to confirm these results and to link them to functional brain alterations and to genetic variations underlying these GM changes. Fund: Leiden University Research Profile 'Health, Prevention and the Human Life Cycle'.
Introduction
Patients who suffer from social anxiety disorder (SAD) are characterized by an intense fear of negative evaluation by others in social situations [1, 2] . As a result, SAD-patients try to avoid social situations as much as possible, which lead to disability and serious impairments in important areas of life such as education, work, and social activities [3] [4] [5] [6] [7] [8] [9] [10] . The disorder has a high prevalence [11, 12] , is often chronic [13, 14] , and has a typical onset during late childhood and early adolescence [15] [16] [17] [18] [19] [20] . Furthermore, SAD is associated with high psychiatric comorbidity [21] [22] [23] , adding to its burden on patients. Insight in the development of and vulnerability for SAD is therefore of great importance, as this might aid in developing preventive interventions and effective treatments.
Previous studies indicate that the pathogenesis of SAD is complex: environmental, biological, temperamental, and genetic factors are shown to play a interacting role [24] [25] [26] . With respect to the latter, the heritability of SAD is estimated to be between 39 and 56% [27] [28] [29] [30] . However, despite the promising results of a handful of studies EBioMedicine 36 (2018) [410] [411] [412] [413] [414] [415] [416] [417] [418] [419] [420] [421] [422] [423] [424] [425] [426] [427] [428] investigating the genetic background of SAD [30] [31] [32] [33] [34] [35] [36] , the genetic variants underlying the vulnerability for SAD are at present still largely unidentified. Detecting such 'SAD genes' is difficult due to several factors. First of all, SAD is a polygenic disorder, and it is widely assumed that various genetic variants, influenced by environmental factors, are involved in its development [37] [38] [39] . Furthermore, SAD is a heterogeneous disorder, and the diagnosis is based on clinical interviews and not on biologically-based parameters [40, 41] . Thus, investigating endophenotypes might facilitate in unravelling the genetic vulnerability for complex psychiatric disorders like SAD [42] .
Endophenotypes are measurable traits located on the causal pathway from genotype to phenotype [43, 44] , and include, for example, neurobiological changes in brain structure and function. Criteria for endophenotypes are the following [45] [46] [47] : (1) they are associated with the disorder; (2) they are state-independent traits, already present in a preclinical state; (3) they are heritable; (4) they co-segregate with the disorder within families of probands, with non-affected family members showing altered levels of the endophenotype in comparison to the general population. As reviewed in our earlier work [48] , endophenotypes have the potential to shed more light on the mechanisms involved in the etiology of SAD.
In the present work, we provide a comprehensive overview of existing evidence and investigate whether gray matter (GM) structural brain characteristics, as measured with magnetic resonance imaging (MRI), are candidate endophenotypes of SAD. Based on previous findings, and as summarized in Bas-Hoogendam et al. (2016) [48] , there are two important reasons to do so. To start, differences in GM between SAD-patients and healthy controls have been reported for a number of subcortical, frontal, temporal and parietal regions [49, 50, 59, 60, [51] [52] [53] [54] [55] [56] [57] [58] ] -see Table 1 for an overview of MRI-studies on GM in SAD. Furthermore, changes in brain structure were shown to be associated with clinical characteristics [49, 50, [54] [55] [56] [57] [58] 60, 61] , while treatment-related changes in brain structure in SAD patients have also been described [62] [63] [64] . Although it should be noted that the findings reported in these studies are heterogeneous (see Table 1 and review by Brühl and colleagues [65] ), and have small effect sizes [60] , a machine learning study was able to discriminate SAD-patients from healthy controls based on GM changes over the whole brain [66] . Furthermore, higher levels of social anxiety in healthy women were related to increased volumes of the amygdala, nucleus accumbens, and striatal regions like the putamen and caudate nucleus [67] , while structural brain alterations have also been reported in anxious children and adolescents [68] [69] [70] [71] [72] . In addition, changes in brain structure have been reported in participants who were classified as being 'behaviorally inhibited' [73] [74] [75] [76] [77] [78] [79] , which refers to the innate, temperamental trait associated with an increased vulnerability for developing SAD [80] . Together, these results suggest that structural brain alterations in GM might be related to SAD.
A second reason to consider GM brain characteristics as candidate endophenotypes is the fact that numerous studies, both in healthy controls as well as in several patient groups, have indicated that brain structure is to a great extent determined by genetic influences. For example, studies revealed that genetic variants affect the thickness and surface area of cortical GM [81] [82] [83] [84] [85] [86] , as well as intracranial volume (ICV) [87] and subcortical brain volumes [88] [89] [90] [91] [92] ; the findings with respect to subcortical volumetric measures have recently been replicated and extended in a genome-wide association analysis in over 40,000 individuals [93] . In addition, the neuroanatomical shape of subcortical structures has been shown to be significantly heritable [94, 95] . Furthermore, the results of studies in various patient populations, for example in twins (dis)concordant for bipolar disorder [96] and in families with multiple cases of schizophrenia [97] corroborate with these findings, showing that both the volume as well as the shape of subcortical structures are heritable. A meta-analysis of twin studies confirmed that global brain volumes, volumes of subcortical brain areas, as well as measures of cortical thickness, are all highly or moderately-to-highly heritable [98] ; see also the review by Peper and colleagues [99] .
The present work used MRI data from the Leiden Family Lab study on Social Anxiety Disorder (LFLSAD) [100] to explore whether GM brain characteristics (volumes of subcortical structures; estimations of cortical thickness (CT), and measures of cortical surface area (CSA)) are endophenotypes of SAD. The LFLSAD is a multiplex (i.e., families were selected based on a minimum of two (sub)clinical SAD cases within one nuclear family), multigenerational (i.e., multiple nuclear families encompassing two generations from the same family took part) family study on SAD, in which nine families who were genetically enriched for SAD were included (total n = 132). Such a family design is particularly powerful to investigate genetic and environmental influences on SAD-related characteristics [101] .
We examined two endophenotype criteria. First, we investigated whether alterations in GM brain characteristics co-segregate with social anxiety within the families (first element of endophenotype criterion 4); second, we estimated the heritability of these measures (endophenotype criterion 3). The structural brain phenotypes were established using the FreeSurfer software package (version 5.3) and we employed a hypothesis-driven region-of-interest (ROI) approach based on the results of previous studies. With respect to the subcortical volumes, we focused on the putamen and pallidum, based on the
Research in context
Evidence before this study Social anxiety disorder (SAD) is a prevalent psychiatric condition characterized by intense fear of negative evaluation in social situations. SAD typically develops during late childhood or adolescence and has a strong negative impact on patients' lives. Previous studies showed that SAD has a familial background. However, it's unknown which heritable characteristics make children and adolescents vulnerable for developing SAD. The endophenotype approach could be helpful to shed more light on the genetic susceptibility to SAD. Endophenotypes are measurable characteristics which are associated with the disorder, heritable, and co-segregate with the disorder within families of patients. Alterations in brain structure are candidate endophenotypes of SAD, as gray matter (GM) characteristics have been shown to be highly heritable. Furthermore, several studies have shown abnormalities of brain structure in SAD.
Added value of this study
To investigate whether specific GM characteristics could serve as endophenotypes for SAD, family studies are needed. The Leiden Family Lab study on Social Anxiety Disorder (LFLSAD) is a unique neuroimaging study, in which patients with SAD as well as their family-members of two generations were investigated. Selected families were genetically enriched for SAD and due to the familydesign of the LFLSAD, we were able to investigate two endophenotype criteria. First, we examined whether GM characteristics co-segregated with social anxiety within the families. Second, we estimated the heritability of the GM characteristics. Our results show that several GM characteristics meet both endophenotype criteria, making them promising candidate endophenotypes of social anxiety.
Implications of all available evidence
The findings provide preliminary evidence that several GM characteristics are genetically linked to social anxiety. Thereby, the results of this study shed light on the genetic vulnerability for SAD.
findings of a recent mega-analysis on SAD reporting increased GM related to SAD in these regions [60] , which were recently replicated [67] . In addition, we investigated the association between social anxiety and volumes of the amygdala and hippocampus, given the fact that volumetric changes in these areas in SAD have been reported [52, 53, 61] , although it should be noted that other studies were not able to replicate these effects (see for example [54, 60] and Table 1 ). These subcortical ROIs are displayed in Fig. 1a .
With respect to the estimates of CT, it should be noted that only a handful of studies have investigated SAD-related alterations in CT, with mixed results (Table 1) . To determine cortical ROIs for the present study, we used the findings from previous work, starting with the work by Brühl and colleagues [54] , who investigated CT in a sample of 46 SAD-patients and 46 matched healthy controls; they reported SADrelated increases in CT in the anterior cingulate cortex (ACC), the insula, the dorsolateral prefrontal cortex (DLPFC) including the middle frontal gyrus and the superior frontal lobule, the temporal pole and the parietal cortex [54] . Most of these findings were recently replicated by Zhao and colleagues [59] , who described significant cortical thickening in the ACC, the insula, the superior frontal cortex, as well as in the temporal pole and parietal areas in SAD; in addition, this study mentioned cortical thinning in the orbitofrontal cortex, precentral cortex and the rostral medial frontal cortex. Other work, by Syal and colleagues [55] , reported on cortical thinning in 13 SADpatients, in several temporal, frontal and parietal regions, as well as in the insula and cingulate areas. The selected ROIs based on the results of these three studies are illustrated in Fig. 1b (cortical parcellations as defined in the Desikan-Killiany atlas [102] ).
As there are, to the best of our knowledge, no studies on measures of CSA in SAD, the same cortical ROIs were used to investigate alterations in CSA related to SAD. It is of importance to investigate the measures of CT and CSA separately, as it has been shown that these neuroimaging phenotypes reflect different features of cerebral cortical structure. That is, neurons in the cortex are organized in columns running perpendicular to the surface of the brain; CT represents the number of cells within these columns, whereas the size of the CSA is determined by the number of columns in a certain area [103, 104] . Previous research indicated that brain size is primarily determined by the size of CSA (and not by CT) [105] ; in addition, CT and CSA are genetically independent and follow different developmental trajectories [106] [107] [108] [109] [110] [111] [112] [113] . Furthermore, CT and CSA have different predictive values with respect to the development of psychopathology [114, 115] .
Other, non ROI (sub)cortical areas were investigated on an exploratory basis only; results are reported in the Supplementary Material and only briefly mentioned in the Results section. Analyses were corrected for multiple comparisons at a false discovery rate (FDR) of 5% [116] , but given the divergent findings of previous studies (Table 1) , the innovative nature of the present study (to the best of our knowledge, this is the first comprehensive family study on social anxiety) and the fact that brain regions are likely biologically not independent but constitute structural and functional networks (cf. the work of Brühl et al. [54] ), uncorrected p-values are reported and discussed as well. [195, 196] ROIs (amygdala, ACC, insula, hippocampus) as well as whole brain VBM (SPM) 
Materials and methods

Participants
Participants included families genetically enriched for SAD, who were part of the LFLSAD (total sample: n = 132, from nine families). The background, objectives and methods of this multiplex multigenerational family study, as well as the clinical characteristics of the LFLSAD sample and an a priori power analysis are extensively described elsewhere [100] ; in addition, a preregistration of the study is available online at https://osf.io/e368h/ [117] . In brief, the LFLSAD sample consists of families who were selected based on the presence of a primary diagnosis of SAD in a parent (aged 25-55 years old; the so-called "proband") with a child, living at home and aged 8-21 years of age ("proband's SAchild") who met criteria for clinical or subclinical SAD. The age-criterion was based on the fact that adolescence appears to be a critical period for the development of clinical levels of SAD [17, 18] , while we used the 'living at home' criterion to minimize the impact of environmental influences, other than the family environment, on the child's phenotype and on the gene-environment interaction, in order to optimize the ability to detect the genotype-endophenotype-phenotype connection.
In addition to the proband and proband's SA-child, the proband's partner and other children from this nuclear family (aged 8 years or older), as well as the proband's sibling(s), with their partners and children (aged 8 years or older) were invited to participate. This way, the sample consisted of family members of two generations (generation 1: generation proband; generation 2: generation proband's SA-child), as depicted in Fig. 2 .
Exclusion criteria for the LFLSAD were comorbidity other than internalizing disorders in the proband or proband's SA-child, especially developmental disorders like autism; other family members were included independent from the presence of psychopathology. Furthermore, general MRI contraindications, like metal implants, pregnancy or dental braces, were exclusion criteria for the MRI experiment.
Although we collected MRI data from nine families (n = 113) [100] , data from one family were excluded from the present analysis, as the proband from this family was not able to participate in the MRI experiment due to an MRI contraindication, which limited the analyses on the data of this proband's family members (n = 3). Therefore, the remaining sample consisted of 110 family members (56 males) from eight families (mean number of participating family members per family: 13·8; range 5-28). These family members were, according to the design, divided over two generations (generation 1: n = 51, 24 males; age (mean ± SD, range) 46·5 ± 6·7 years, 34·3-61.5 years; generation 2: n = 59, 32 males, age 18·1 ± 6·0 years, 9·0-32·2 years) who differed significantly in age (β = −30·3, p b 0·001), but not in male/female ratio (χ 2 (1) = 0·56, p = 0·57).
Ethics
The LFLSAD study was approved by the Medical Ethical Committee of the Leiden University Medical Center (P12.061). Prior to entering the study, interested family members received verbal and written information on the objectives and procedure of the study; information letters were age-adjusted, to make them understandable for participants of all ages. All participants provided informed consent according to the Declaration of Helsinki; both parents signed the informed consent form for their children, while children between 12 and 18 years of age signed the form themselves as well. Every participant received €75 for participation in the LFLSAD (duration whole test procedure, including breaks: 8 h) and travel expenses were reimbursed. Furthermore, participants were provided with lunch/dinner, snacks and drinks during their visit to the lab. Confidentiality of the research data was maintained by the use of a unique research ID number for each participant.
Data collection LFLSAD: extensive phenotyping
All included family members participated in a range of measurements, as described in Bas-Hoogendam et al. [100] . The presence of [120, 121] ; these interviews were conducted by experienced clinicians and were recorded. The diagnosis of clinical SAD was established using the DSM-IV-TR criteria for the generalized subtype of SAD, but the clinician verified whether the DSM-5 criteria for SAD were also met. A diagnosis of subclinical SAD was established when participants met the criteria for SAD as described in the DSM-5, but did not show impairing limitations in important areas of functioning (criterion G) [1] . Furthermore, participants completed age-appropriate questionnaires on several anxiety-related constructs, including, among others, the level of self-reported social anxiety symptoms (Liebowitz Social Anxiety Scale (LSAS-SR) [122, 123] or the Social Anxiety Scale for adolescents (SAS-A) [124] ), the intensity of fear of negative evaluation (revised Brief Fear of Negative Evaluation (BFNE) -II scale) [125, 126] and the level of trait anxiety (State-Trait Anxiety Inventory (STAI) [127] . The severity of self-reported depressive symptoms was evaluated using the Beck Depression Inventory (BDI) -II) [128, 129] or the Children's Depression Inventory (CDI) [130, 131] . In order to enable analysing the scores of the age-specific questionnaires, z-scores were computed as described previously [100] . In addition, an estimate of cognitive functioning was obtained using two subtests of the Wechsler Adult Intelligence Scale IV (WAIS-IV) [132] or Wechsler Intelligence Scale for Children III (WISC) [133] consisting of the similarities (verbal comprehension) and block design (perceptual reasoning) subtests.
MRI procedure and data acquisition
Prior to the MRI scan, all participants were informed about the MRI safety procedures and they were told that they could refrain from continuing the experiment at any time. Children and adolescents were familiarized with the MRI scanner using a mock scanner [134] . State anxiety was assessed before and after the MRI scan by a Dutch-translation of the STAI [127] . Scanning was performed using a 3.0 T Philips Achieva MRI scanner (Philips Medical Systems, Best, The Netherlands), equipped with a 32-channel Sensitivity Encoding (SENSE) head coil.
The MRI session (total duration of the MRI protocol: 54 min 47 s) consisted of several structural and functional scans, as described in the design paper on this project [100] . Of interest for the present work is a high-resolution T1-weighted scan, with the following characteristics: 140 slices, resolution 0·875 mm × 0·875 mm × 1·2 mm, FOV = 224 mm × 168 mm × 177·333 mm, TR = 9·8 ms, TE = 4·59 ms, flip angle = 8°. All structural MRI scans were inspected by a neuroradiologist; no clinically relevant abnormalities were reported in any of the participants.
MRI processing
Reconstruction of cortical surface, cortical parcellation and CT estimation, as well as segmentation of subcortical brain structures, was performed using standard procedures in the FreeSurfer software (version 5.3). This software is documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu/) and the technical details of these procedures are described elsewhere [135] [136] [137] [138] [139] [140] [141] [142] . These procedures resulted in the extraction of volumes for seven bilateral subcortical GM regions (amygdala, caudate, hippocampus, nucleus accumbens, pallidum, putamen and thalamus) and the lateral ventricles, as well as in the segmentation of the cortex into 68 (34 left and 34 right) GM regions based on the Desikan-Killiany atlas [102] . For these regions, mean CT, defined as the closest distance from the gray/white boundary to the gray/cerebral spinal fluid boundary at each location of each participant's reconstructed cortical surface, as well as mean CSA, was determined. The method for the measurement of CT have been validated against both histological analysis [143] and manual measurements [144, 145] , and FreeSurfer morphometric procedures have been demonstrated to show good test-retest reliability across scanner manufacturers and across field strengths [146, 147] . Subcortical ROIs in the current study were the amygdala, hippocampus, pallidum and putamen; cortical ROIs were the superior frontal gyrus, the caudal middle frontal gyrus, the rostral middle frontal gyrus, the lateral orbitofrontal gyrus, the medial orbitofrontal gyrus, the precentral gyrus, the caudal anterior cingulate, the rostral anterior cingulate, the insula, the superior parietal gyrus, the inferior parietal cortex, the precuneus, the supramarginal gyrus, the postcentral gyrus, the temporal pole, the inferior temporal gyrus, the superior temporal gyrus, the fusiform gyrus and the transverse temporal gyrus.
Both the subcortical segmentations as well as the segmentations of the cortical GM regions were visually inspected for accuracy and statistically evaluated for outliers according to standardized protocols designed to facilitate harmonized image analysis across multiple sites (http://enigma.ini.usc.edu/protocols/imaging-protocols/). This quality control resulted in the exclusion of, on average, 2·0% (SD: 4·0%) of the segmentations per participant for the subcortical measures (absolute number: 0·3 segmentations, range: 0-3; SD: 0·6) and 3·4% (SD: 3·2%) of the segmentations per participant for the cortical measures (absolute number: 2·3 segmentations, range: 0-8; SD: 2·2). In addition, data of one participant (age 9·0 y, generation 2) had to be excluded completely from the analyses because FreeSurfer was not able to reliably reconstruct the brain from the T1-weighted scan. This was due to excessive movement during data acquisition, which was present during both the structural as well as the functional MRI scans of this participant (relative motion parameters exceeded 2.5 mm) [148] .
Data of the FreeSurfer segmentations are available at https://osf.io/ m8q2z [149] .
Statistical analysis
Incidental missing values on the self-report questionnaires were replaced by the mean value of the completed items. We investigated differences between participants with and without (sub)clinical SAD by fitting regression models in R [150] , with (sub)clinical SAD as the independent variable and the outcomes of the self-report questionnaires (self-reported social anxiety (z-score), fear of negative evaluation, level of trait anxiety and level of state anxiety before and after the MRI scan) as dependent variables of interest. Gender and age were included as covariates, and genetic correlations between family members were Example of a family within the LFLSAD. Families were included based on the combination of a parent with SAD ('proband'; depicted in red) and a proband's child with SAD (red) or (sub)clinical SA (orange). In addition, family members of two generations were invited, independent from the presence of SAD within these family members (no SAD: light blue; did not participate: gray). Grandparents (generation 0; white) were not invited for participation. This family is slightly modified to guarantee anonymity; however, the number of family members and the frequency of (sub)clinical SAD are depicted truthfully. Squares and circles represent men and women, respectively. This figure is a reprint of Fig. 1 modeled by including random effects. P-values were corrected for multiple comparisons (seven tests, Bonferroni corrected p-value = 0·007). In addition, we compared the presence of (comorbid) psychopathology between participants in the (sub)clinical SAD and no SAD group by performing chi-square tests using IBM SPSS Statistics for Windows (Version 23.0. Armonk, NY: IBM Corp.), while applying a Bonferronicorrected p-value (p = .005 [10 tests]).
Next, we investigated whether GM brain characteristics are candidate endophenotypes of SAD by focusing on two endophenotype criteria. First, the 'co-segregation of the candidate endophenotype with the disorder within families' (first element of endophenotype criterion 4) was examined, by performing multiple regression using a linear mixed model in R [150] . (Sub)clinical SAD was used as the independent variable, as we considered the clinical and subclinical SAD cases to reflect the same phenotype; the GM brain characteristics (subcortical volumes; CT; CSA) were dependent variables. Again, correlations between family members were modeled by including random effects; age (centered) and gender were included as covariates of no interest. In addition, total ICV (centered), mean global cortical thickness (GCT) (centered) or total global cortical surface area (GCSA) (centered) were added as covariates for the analyses on subcortical volumes, CT and cortical surface area, respectively. Furthermore, in order to obtain a reliable estimate of the main effect of (sub)clinical SAD, a (sub)clinical SAD-by-age interaction term as well as an analysis-dependent interaction term ((sub)clinical SAD-by-total ICV; (sub)clinical SAD-by-mean GCT; (sub)clinical SAD-by-total GCSA) were included in the model. As data on the presence of subclinical SAD were, due to technical reasons, lost for eight family members, data from these participants could not be used for this analysis (remaining sample: n = 101). For reasons of completeness, we also investigated the relationship between GM brain characteristics and two continuous measures of social anxiety: self-reported levels of social anxiety (z-scores, based on the LSAS and SAS-A) and levels of fear of negative evaluation (FNE) (sample: n = 109). Because of the non-normal distribution of most of the dependent variables, we confirmed the robustness of the used linear mixed model by checking the distribution of the residuals of the phenotypes showing significant results using Shapiro-Wilk normality tests in R; results showed that these residuals followed a normal distribution. Analyses were corrected for multiple comparisons at a false discovery rate (FDR) of 5% [116] . In addition to these analyses of interest, we performed two sensitivity analyses to examine whether the results of the association analyses were driven by (comorbid) psychopathology other than SAD or by the severity of depressive symptoms as measured by the BDI-II or the CDI. Therefore, we excluded all participants with past and/or present (comorbid) psychopathology other than SAD (sensitivity analysis 1; note however, that the results may be biased, as the majority of the probands, on which the selection of the families was based, were excluded as well) or added the z-score of the level of depressive symptoms as a covariate in the analyses (sensitivity analysis 2).
Second, the heritability of the GM brain characteristics (h 2 ) was estimated (endophenotype criterion 3) by jointly modelling the GM brain characteristics and SAD on which the selection of the families was based. Random effects were included to model the familial relationships [151] . Age (centered and standardized), gender and total ICV (centered and standardized; analyses on subcortical volume), mean GCT (centered and standardized; analyses on CT) or total GCSA (centered and standardized; analyses on surface area) were included as covariates. This approach takes the ascertainment process into account. We tested whether the genetic variance was significantly different from zero (cf. [152] ) by using likelihood ratio tests. Significance levels are reported for heritability estimates N0·10. Again, a FDR of 5% was applied.
Results
Sample characteristics
Characteristics of the sample are summarized in Table 2 . Seventeen participants were diagnosed with clinical SAD, while an additional 22 were classified as having subclinical SAD (total group (sub)clinical SAD n = 39); the validity of these diagnoses was substantiated by the scores on the self-report questionnaires as described previously [100] . The family members with (sub)clinical SAD did not differ from family members without SAD (n = 62) with respect to male/female ratio, age and estimated IQ. However, family members in the (sub)clinical Table 2 Characteristics of participants with and without (sub)clinical SAD. SAD group were more often diagnosed with depression (past) and dysthymia (present), although these differences were not significant at a Bonferroni-corrected p-value. In addition, the prevalence of depressive episodes within the sample as a whole was in the range of the general population [153, 154] , as reported in the design paper on the LFLSAD [100] . Furthermore, participants with (sub)clinical SAD self-reported significantly higher levels of social anxiety, FNE, trait anxiety, and increased levels of depressive symptoms. Groups did not differ with respect to state anxiety related to the MRI scan. None of the participants with SAD received treatment for the disorder before entering the study [100] .
General imaging phenotypes
Values of general imaging phenotypes are presented in Table 3 . Participants with and without (sub)clinical SAD did not differ with respect to total ICV, mean GCT and total GCSA, but there were effects of age and gender on these phenotypes, in line with previous findings [155, 156] .
Volumes of subcortical brain structures
Using three different models, we investigated whether indices of social anxiety ((sub)clinical SAD, z-score of SA, or FNE) were associated with volumes of the subcortical ROIs. Results of the analyses are displayed in Table 4 and Supplementary Table 1 . There were no significant associations between the indices of social anxiety and subcortical volumes at the FDR-corrected significance level, but there were positive relationships between the level of selfreported social anxiety and FNE on the one hand and volume of the left pallidum at the other at an uncorrected significance level of p b 0·05 (Fig. 3a) . Furthermore, volume of the left pallidum was moderately heritable (h 2 = 0·28). Heritability estimates of the volumes of other subcortical ROIs are depicted in Fig. 4a and listed in Table 4 .
Cortical thickness of ROIs
Results of the analyses with respect to the thickness of cortical ROIs are displayed in Table 5 and Supplementary Table 1 . Again, we used three different models to test for associations between cortical thickness and, respectively, (sub)clinical SAD, self-reported levels of SA (z-score), and FNE. None of the associations was significant at the FDR-corrected significance level; at the uncorrected level (p b 0·05), indices of social anxiety were negatively correlated with CT of the right rostral middle frontal gyrus (effect of (sub)clinical SAD and effect of self-reported social anxiety), the left medial orbitofrontal cortex (effect of self-reported social anxiety), the right rostral ACC (effect of (sub)clinical SAD), the left and right superior temporal gyrus (effect of (sub)clinical SAD and effect of FNE, respectively) and the left fusiform gyrus (effect of self-reported social anxiety). Furthermore, there were positive relationships between social anxiety and CT of the left rostral ACC (effect of FNE), the right inferior parietal cortex (effect of (sub)clinical SAD), the left and right supramarginal gyrus (effect of (sub)clinical SAD and effect of FNE, respectively), the left temporal pole (effect of (sub)clinical SAD) and the left transverse temporal gyrus (effect of (sub)clinical SAD) (Fig. 3b) . It should be noted that there were significant interactions between (sub)clinical SAD and age with respect to the thickness of the right rostral middle frontal gyrus and the left supramarginal gyrus. These interactions are illustrated in Supplementary Fig. 1 .
Considering the regions showing an association between CT and social anxiety in the first place, heritability analyses revealed that CT of the left medial orbitofrontal cortex, the bilateral rostral ACC, the left superior temporal gyrus and the left transverse temporal gyrus displayed moderately high (h 2 = 0·4-0.6) or even high (h 2 N 0·6) heritability.
Furthermore, CT of the left supramarginal gyrus and the right superior temporal gyrus had moderate heritability (h 2 between 0·2 and 0·4).
These heritability estimates, as well as the estimates for ROIs in which there was no association with social anxiety, are illustrated in Fig. 4b and summarized in Table 5 .
Cortical surface area of ROIs
Results of the analyses with respect to the average CSA of the cortical ROIs are displayed in Table 6 and Supplementary Table 1 . There were no significant relationships between the measures of social anxiety at the corrected significance level, but self-reported social anxiety was negatively related to the CSA of the right fusiform gyrus at the uncorrected level. In addition, the level of FNE was negatively related to the CSA of the right caudal ACC and positively associated with CSA of the right precuneus (Fig. 3c) . Analyses on the heritability of CSA of these ROIs indicated that CSA of the right fusiform gyrus was moderately high (h 2 = 0·33). Heritability estimates of other ROIs are depicted in Fig. 4c and listed in Table 6 . 
Sensitivity analyses
Results of the sensitivity analyses showed comparable associations between the indices of social anxiety and the GM characteristics as the main analyses of interest. That is, in both sensitivity analyses (sensitivity analysis 1: participants with past and/or present (comorbid) psychopathology other than SAD were excluded; remaining n = 70; sensitivity analysis 2: the level of depressive symptoms was added as a covariate), we found a positive association with volume of the left pallidum, changes in cortical thickness in frontal, parietal and temporal areas, as well as alterations in cortical surface area of the precuneus and fusiform gyrus (all at p b .05, uncorrected). These findings are illustrated in Supplementary Figs. 2 and 3 ; detailed statistics are available in Supplementary Tables 2 and 3 .
Other subcortical and cortical brain regions (non-ROIs)
For reasons of completeness, results of the association analyses on subcortical and cortical regions that were not a priori selected (non-ROIs) are reported in Supplementary Table 4 . In brief, none of the subcortical non-ROIs showed an association with any of the indices of social anxiety. With respect to the cortical measurements: cortical thickness was positively related to indices of social anxiety in some regions (right banks of the superior temporal sulcus, bilateral lingual gyrus, right lateral occipital gyrus and left pars triangularis), while indices of social anxiety were related to cortical surface area of the left parahippocampal gyrus, the right pars opercularis and the right banks of the superior temporal sulcus. Main effects of (sub)clinical SAD, social anxiety (z-score) and FNE are corrected for age (centered), gender, mean global cortical thickness (centered) and family-structure. Furthermore, the models including (sub)clinical SAD contained the interaction terms (sub)clinical SAD*age (centered) and (sub)clinical SAD*mean global cortical thickness (centered However, none of these results survived multiple comparisons correction.
Discussion
Aim of the present study was to investigate whether structural gray matter (GM) brain characteristics could serve as candidate endophenotypes of social anxiety disorder (SAD) [48] . Data from the Leiden Family Lab study on Social Anxiety Disorder (LFLSAD) were used, as the multiplex, multigenerational family design of this study enables investigating two important endophenotype criteria [100] . First of all, we investigated whether the candidate endophenotypes cosegregated with social anxiety within the families, by studying the association between GM characteristics and three indices of social anxiety in families genetically enriched for SAD: the diagnosis of (sub)clinical SAD, self-reported levels of social anxiety, and self-reported levels of fear of negative evaluation (FNE). Secondly, we examined the heritability of the GM phenotypes.
We investigated subcortical brain volumes, cortical thickness (CT) measures and estimates of cortical surface area (CSA) and used a hypothesis-driven region-of-interest (ROI) approach, focussing on regions in which SAD-related alterations have been reported previously (Fig. 1) , although it should be noted that the results of these studies, as summarized in Table 1 , often lack consistency. Findings of these analyses will be considered in the following. We start with reviewing GM characteristics meeting both criteria for being a candidate endophenotype of social anxiety, as they (1) co-segregated with social anxiety within families, and (2) were at least moderately heritable. Next, we discuss the results of the association and heritability analyses in more detail, and consider them in the light of previous work.
Candidate endophenotypes of SAD
When combining the results of the association analyses with those of the heritability analyses, several GM characteristics turn out to be promising candidate endophenotypes of social anxiety, although it should be noted that the results of the association analyses did not Main effects of (sub)clinical SAD, social anxiety (z-score) and FNE are corrected for age (centered), gender, total global cortical surface area (centered) and family-structure. Furthermore, the models including (sub)clinical SAD contained the interaction terms (sub)clinical SAD*age (centered) and (sub)clinical SAD*total global cortical surface area (centered survive correction for multiple comparisons. We summarized these findings in Fig. 5 . This figure illustrates that the structural changes in GM which are genetically related to SAD are widespread over the brain, as they involve subcortical (pallidum) as well as cortical areas, including frontal, parietal and temporal regions. Interestingly, several of these cortical areas, namely the medial orbitofrontal cortex, the ACC, the supramarginal gyrus and the fusiform gyrus, are part of the extended neurobiological model of SAD as proposed by Brühl and colleagues [65] . This model of SAD, which is mainly based on data from functional MRI and the results of resting-state and functional connectivity studies, describes a hyperactive fear and anxiety circuit [157, 158] , consisting of the amygdala, insula, ACC, and prefrontal cortex, as well as hyperactive but less connected parieto-occipital regions. Furthermore, recent studies on connectivity showed widespread changes in functional networks in SAD [159] [160] [161] . Together, these findings converge with the results of the present study, as they indicate that the neurobiological brain changes related to SAD are not limited to the regions traditionally implicated in fear and anxiety, but are distributed in larger networks in the brain (cf. the recent commentary by Frick [162] ). Although it is difficult to relate the structural alterations described here to functional brain changes, the results of functional MRI studies on SAD offer an interesting starting point. Most fMRI studies on SAD employ paradigms involving faces, as these are anxiety-provoking stimuli, and the results often point to increased brain responses in several brain areas, including the candidate endophenotype regions of the present study (Fig. 5) . The rostral ACC, for example, a region involved in emotional processing, resolving emotional conflicts, and guiding sociallydriven human interactions [163] [164] [165] , showed increased activation in patients with SAD in response to angry [166] , disgust [167] and sad faces [168] . Furthermore, several studies reported increased responsiveness of the superior temporal gyrus and the fusiform gyrus related to facial emotion processing in SAD [169] [170] [171] [172] , while increased activation of the medial orbitofrontal cortex was found when patients with SAD looked at harsh faces [173] . However, as these results provide only indirect indications of the psychological alterations which might be related to the structural GM changes, future studies, for example using advanced MR sequences, are needed to gain more insight in the cellular bases of structural brain alterations [174] and to link them more directly to functional brain changes related to SAD. In addition, animal studies, in particular in non-human primates, enabling a translational approach, should further advance our understanding of the molecular and genetic underpinnings of anxiety-related brain changes (cf. [26, 175] ).
Co-segregation of GM characteristics with social anxiety within families
When we consider the results of the association analyses, no significant associations between social anxiety and the GM characteristics were present at an FDR-corrected significance level (Tables 4, 5 , and 6). At an uncorrected significance level (p b 0·05), several interesting patterns with respect to the association with social anxiety emerged (Fig. 3) , which deserve to be discussed in detail.
To start with the subcortical ROIs, we found a positive association between both the level of self-reported social anxiety as well as with the level of self-reported FNE on the one hand and the volume of the left pallidum on the other (Fig. 3, Table 4 ). This result is in line with findings of a mega-analysis on 174 patients with SAD and 213 healthy control participants, showing larger GM volume in the dorsal striatum, including the pallidum and the putamen; in this study, the increase in GM was positively related to the level of self-reported social anxiety [60] . Recently, the positive relationship between social anxiety and volume of the dorsal striatum was replicated in a sample of healthy young women with a broad range of social anxiety levels [67] , while a study on the structural correlates of 'intolerance of uncertainty', a psychological construct that is related to anxiety, indicated a positive relationship between intolerance of uncertainty and bilateral striatal volume, in particular the putamen and pallidum [176] . Interestingly, these findings and the increase in pallidum volume reported in the present work fit within the recent focus on the striatum as being an important structure in the anxiety circuitry of the brain [177] and are potentially reflective of the role of the pallidum and putamen in processing emotions and reward [178] , as both processes have been shown to be associated with altered brain activation levels in these regions in patients with SAD [170, [179] [180] [181] .
Next, we investigated cortical GM characteristics. We examined estimates of CT as well as of CSA separately, as these measures show different developmental courses, are genetically independent, and have distinct associations with the risk of developing psychopathology [106] [107] [108] [109] [110] [111] [112] 114, 115] . Our results converge with these findings, as there were no cortical ROIs in which both the estimates of CT and CSA were associated with social anxiety (cf. Fig. 3b and c) .
The analyses on CT (Table 5 ) revealed that social anxiety was related to cortical thickening of the left rostral ACC, the right inferior parietal cortex, the left and right supramarginal gyrus, the left temporal pole, and the left transverse temporal gyrus; furthermore, there were associations between social anxiety and cortical thinning of the right rostral middle frontal gyrus, the left medial orbitofrontal gyrus, the right rostral ACC, the bilateral superior temporal gyrus, and the left fusiform gyrus (Fig. 3b) . To facilitate the discussion, we summarized these findings together with the results of previous studies on the association between social anxiety and CT [54, 55, 59] in Table 7 . This summary shows the divergence of the results with respect to the relation between social anxiety and CT. That is, our results showing decreases in CT in frontal ROIs coincide with those of Syal et al. (2012) [55] and Zhao et al. (2017) [59] , while Brühl and colleagues (2014) [54] reported increased CT in frontal areas. The increases in CT in the left rostral ACC and several parietal regions found in the present study are in line with the results [55] reported a decrease in CT in this area), while the decreases in CT (superior temporal gyrus and fusiform gyrus) were in line with the data of Syal and colleagues (2012) [55] and with the results of a voxel-based morphometry study involving 68 anxiety patients without comorbidity [182] . Furthermore, it should be mentioned that we could not replicate previous findings on SAD-related changes in CT in frontal areas like the superior frontal gyrus, the caudal middle frontal cortex, the lateral orbitofrontal gyrus, and the precentral gyrus, nor did we found changes in CT in the caudal ACC, the insula, the superior parietal gyrus, the precuneus, the postcentral gyrus, and the inferior temporal gyrus. Taken together, the inconsistency of the results, as well as the small effect sizes [54] and the fact that p-values often don't survive comparison for multiple comparisons (this study and [54, 55] ) indicate that studies with large sample sizes and meta-analyses such as those performed by the Enhancing NeuroImaging Genetics through MetaAnalysis (ENIGMA) Consortium [183] [184] [185] are needed to increase the reproducibility and validity of results of studies on the relation between social anxiety and cortical thickness [186] . The results of the present study could serve as a starting point for such future studies.
To the best of our knowledge, this study was the first to explore the relationship between social anxiety and CSA, although Steiger and colleagues investigated changes in cortical volume, which is the product of CT and CSA, in a treatment study on SAD-patients [63] . Results showed decreases in CSA in the right caudal ACC and right fusiform gyrus, as well as an increase in CSA in the right precuneus (Table 6 and Fig. 3c ).
Heritability of GM characteristics
We used a newly developed model to estimate the heritability of the GM brain characteristics, which is, to the best of our knowledge, the only available analysis model taking the specific ascertainment process of the present study and the familial relationships between the participants into account [151] . As expected based on the results of previous studies [81, [84] [85] [86] 88, 91, 98] , the majority of the GM measures of interest were (at least) moderately heritable ( Fig. 4 ; Tables 4, 5, and 6). It should be noted that we could not replicate the significant heritability estimates of some of the GM measures as reported in other work, but estimates of heritability are often highly variable across studies [98] and across brain regions [86] ; we refer to the recent work of Patel and colleagues reporting on the effects of different estimation approaches on heritability estimates [187] . Furthermore, these divergent results could also be due to the relatively small sample size and specific data structure of the present study, in which a limited number of families (n = 8) was included, with a broad range in the size of the families (range in number of participating family members per family 5-28).
Limitations and suggestions for future studies
The present study is unique as it is the first neuroimaging familystudy on SAD involving two generations, enabling the investigation of the potential of structural GM characteristics as candidate endophenotypes of SAD. Several limitations of the present study should be mentioned. First of all, the sample size of the MRI sample of the LFLSAD was relatively small, which was partly caused by the loss of data points due to technical reasons and as a result of thorough quality control. Secondly, as this was a cross-sectional study, the trait stability of the GM characteristics (endophenotype criterion 2) could not be investigated. Third, we should mention the issue of psychiatric comorbidity, which was present in the LFLSAD sample as could be expected based on the comorbidity associated with SAD [21] [22] [23] 41] . We performed two sensitivity analyses to address this issue; in the first analysis, we excluded participants with past and/or present (comorbid) psychopathology other than SAD, in the second we added the level of depressive symptoms as a covariate. The results of these sensitivity analyses were in line with those of the main analyses, but these analyses were limited by a small sample size (sensitivity analysis 1) and the fact that we only controlled for the level of depressive symptoms (sensitivity analysis 2), and not for other comorbidity. Furthermore, as the regression models tested were already complex and computationally demanding due to the family structure of the sample, we could not investigate the potentially moderating or mediating effects of factors like trait anxiety, education level, IQ, and socioeconomic status [188, 189] , nor did we examine the non-linear effects of age on the GM characteristics [107] . As technical advances are constantly being made, future studies will most likely be able to perform more advanced analyses taking these factors into account. In addition, as the LFLSAD did not include control families from the general population, we were not able to assess the second part of endophenotype criterion 4, namely, whether the levels of the candidate endophenotypes differed between nonaffected family members and participants from the general population. Furthermore, as most of the results presented here did not survive corrections for multiple comparisons, future studies, preferably with a longitudinal design and larger sample sizes, are needed to confirm these findings. In addition, as we have not yet analysed the genetic data that was acquired in the LFLSAD [100], we could not link the GM changes to genetic variations. Moreover, future studies should investigate to which extent the GM alterations are specific to social anxiety (cf [59] ). Finally, we employed a ROI approach in this study, as this enabled implementing the complex family structure of the sample in the analyses. However, as vertexbased and voxel based morphometry studies have the potential to detect more subtle alterations in brain structure [174, 190, 191] , we recommend these techniques for future studies when they become available for family studies with complex (family) designs.
To conclude, the results of this study suggest that several structural GM alterations are heritable and co-segregate with social anxiety within families genetically enriched for SAD. Thereby, these GM characteristics are promising candidate endophenotypes of SAD and have the potential to offer novel insights in the genetic neurobiological vulnerability for this disabling psychiatric condition. Future replication studies are important to confirm these preliminary findings.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.08.048.
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